Bacteriorhodopsin (BR) in its metastable form was used for pulsed holographic recording at l ϳ 400 nm. It is shown that the properties of BR are insensitive to changes in the writing light's pulse width. When holograms are recorded in the BR stable form ͑l ϳ 600 nm͒, the sensitivity of the medium and the diffraction efficiency of those holograms are reduced proportionally to the decrease in the light's pulse width. © 2000 Optical Society of America OCIS codes: 090.0090, 210.4810.
Bacteriohodopsin (BR) immobilized in a polymer carrier is considered a promising holographic medium because of its stability and unique reversibility. A medium that can record and read holograms as fast as possible (fractions of microseconds or even nanoseconds), is highly desirable especially if this medium is used for optical neural network, memory, or switching systems. Therefore the recording conditions for BR are of particular interest, especially when the exposure time is ten times shorter than the conformation period. The conformation process is a series of transformations of short-lived states of BR, most of which are photosensitive. The effect of light on these short-lived states is accompanied by a specific photoinduced transition. 1 Therefore it is reasonable to suggest that the photochromic characteristic of BR exposed to high-power light pulses will be significantly different from that of BR exposed to a low-power pulse. Here we present results of research on the relationship between the width of the recording light's pulse and the optical and holographic properties of BR in stable and metastable forms.
The key optical property of BR is a closed photochemical cycle. 1 -3 In the absence of light, BR is in its stable Br form, with the maximum absorption near 0.57 mm. Light with a wavelength of l 0.57 mm induces transitions from the Br form to short-lived J, K, and L forms. The total lifetime of a J, K, or L form is a few tens of microseconds. These forms are spontaneously converted into the metastable M form, whose absorption maximum lies near l 0.412 mm. In the absence of light the metastable M form relaxes spontaneously into the stable Br form. The lifetime of the M form may exceed several tens of minutes. When it is exposed to light at l 0.412 mm the M form is converted directly into the Br form. Actually, all the transient short-lived forms of the photochemical cycle are photosensitive at l 0.57 mm. 4 Therefore the exposure of those short-lived forms at this specif ic wavelength results in their direct transition to the stable Br form.
Usually, data are recorded in BR by exposure of the stable Br form (so-called light-adapted BR in its initial state) to light with a wavelength near 0.517 mm.
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The spatial distribution of Br and M forms is commonly considered to be the result of data recording because these two forms provide the highest contrast, longest lifetime, and largest difference in index of refraction. The kinetics of conformation processes B r ) M can be described by the set of balance equations
where B r , M, and K are the number of molecules of stable (Br), metastable (M), and short-lived (J, K, and L) forms, respectively; a is the photosensitivity of the Br form, b is the photosensitivity of the short-lived forms, I is the intensity of the light pulse, and g is the rate of relaxation from the short-lived to the metastable form. When g . . bI and gt . . 1 (i.e., when the change of the short-lived form to the metastable one takes much less time than the photoinduced transfer to the stable state), the solution of Eqs.
(1) at t . t can be presented as M aI t. Exposure to a wide, low-power pulse results in a def inition of M by the total pulse energy I t. In the opposite case of exposure to a short ͑gt , , 1͒ powerful pulse of the same energy I t, Eqs. (1) yield the evaluation formula M a͑͞b 1 a͒. A comparison of these two ultimate cases shows that the recording efficiency reduces as the pulse width decreases, despite the fact that the pulse energy is kept constant. These estimates have been confirmed experimentally, as we describe below. We used a sample consisting of a glass substrate coated with a 50-mm BR-doped gelatin film in an experiment to determine how the sensitivity and contrast of the medium depend on the width of the writing pulse. The experimental setup (see Fig. 1 ) includes a Nd:YAG laser recording at 0.53-mm, two acousto-optical modulators, the sample reading at 0.44 mm, a He-Cd laser, and a photodetector. At the f irst stage the sample was exposed to a single light pulse from the Nd:YAG laser, and some of the BR molecules were converted from the initial Br form to the metastable M form. At the next stage the low-intensity reading beam from the He -Cd laser was passed through the exposed area. The amount of absorbed light provided the information about the amount of BR molecules converted to the M form, i.e., information about the sensitivity of the medium to Nd:YAG laser light.
To investigate the relationship between sensitivity and recording rate, we varied the pulse width from 100 ms to 2 ms. We held the pulse energy constant at the level that roughly corresponds to the linear regime of excitation ͑aI t ϳ 0.5͒ by changing the diffraction efficiency of the modulator. The sensitivity of the medium is def ined as the pulse energy per unit area that is necessary to cause the transition of 50% of BR molecules from the Br to the M state. 5 The results of our experiments are presented in Fig. 2 [squares, experiment; solid curve, solution of Eqs. (1) at aI t ϳ 0.5]. It is obvious that a reduction in the recording pulse's width results in a corresponding reduction in the sensitivity of the sample.
To investigate the mechanism by which the Br-form's sensitivity is reduced, we measured the relationship between the contrast of the sample and the width of the recording pulse. Contrast k is def ined as k P exp ͞P 0 , where P exp is the absorption of the exposed area at 0.44 mm and P 0 is the absorption of the unexposed sample. The contrast is considered maximum if a twofold rise in the pulse energy of the recording light causes the contrast to increase by less than 5%. We found that the contrast maximum for a 2-ms pulse is approximately two times less than for a 100-ms pulse. This proves that, when the recording pulse's width is roughly equal to the lifetime of the J, K, and L states, the transitions that do not create an M form have a great negative inf luence on the material's sensitivity.
Holograms of square gratings were recorded in Br form by two 0.53-mm light pulses, with total energy of ϳ2 3 10 24 J. A cw light beam with 0.1-mW power was used for hologram readout. The intensities of the light diffracted at holograms recorded with 1-ms and 1-ms pulses are shown in Figs. 3A and 3B, respectively. It can be clearly seen that the reduction of recording time causes a considerable reduction in diffraction efficiency.
These results show that the conventional method (by Br-form exposure) is not effective when a fast recording rate is used. This method considerably reduces the sensitivity and dynamic range of the medium. To avoid this problem we recorded so-called M holograms. As a f irst step, BR was forced to take its M form by being exposed to continuous light from a 0.64-mm diode laser. In the next step the holograms were recorded by a light pulse (the third harmonic of the Nd : YAG laser) whose wavelength of 360 nm was close to the maximum M-form sensitivity. While the pulse width was varied from 1 ms to 1 ms, the pulse energy was kept at 0.1 mJ. The hologram readout was implemented by cw 0.64-mm light. The photodetector output signals that indicate the intensity of light diffracted at the holograms that were recorded with 1-ms and 1-ms pulses are shown in Figs. 4A and 4B, respectively. It can be clearly seen that the hologram's diffraction efficiency is almost independent of the width of the recording pulse.
The results of this research allow us to conclude that (i) If the exposure occurs within the spectral range 500 -650 nm, where the Br form is photosensitive, the sensitivity and the maximum diffraction efficiency of a BR-based medium decrease as the exposure pulse width decreases;
(ii) Using the M form of BR for pulsed recording of holograms makes the characteristics of the BR-based medium independent of the pulse width;
(iii) The total energy of reading light may be significantly increased if the hologram readout process is implemented by a train of short, high-intensity pulses of wavelength l ϳ 0.6 0.7 mm.
